Cardiac arrhythmia, caused by disruption of the coordinated electrical activity of heart, is among the leading causes of sudden cardiac death in United States. 1 Intracellular calcium dynamics in cardiac cells have been recognized as an important contributor in life-threatening ventricular arrhythmia (ventricular tachycardia and ventricular fibrillation) 2,3 as well as increasingly prevalent atrial arrhythmias (atrial fibrillation [AF] and flutter). 4, 5 We have assembled this special supplement which highlights recent advances in theoretical and experimental studies of arrhythmia, with a specific focus on research seeking to elucidate links between calcium homeostasis in cardiac cells and organ-scale disruption of heart rhythm.
Cardiac arrhythmia, caused by disruption of the coordinated electrical activity of heart, is among the leading causes of sudden cardiac death in United States. 1 Intracellular calcium dynamics in cardiac cells have been recognized as an important contributor in life-threatening ventricular arrhythmia (ventricular tachycardia and ventricular fibrillation) 2, 3 as well as increasingly prevalent atrial arrhythmias (atrial fibrillation [AF] and flutter). 4, 5 We have assembled this special supplement which highlights recent advances in theoretical and experimental studies of arrhythmia, with a specific focus on research seeking to elucidate links between calcium homeostasis in cardiac cells and organ-scale disruption of heart rhythm.
Various cell types in heart, such as ventricular myocytes, Purkinje cells, and atrial cells, exhibit remarkably distinct calcium homeostasis which could describe their role in initiation and maintenance of arrhythmia. In this supplement, Limbu et al 6 highlight the morphological and electrophysiological differences in cardiac Purkinje cells compared with ventricular myocytes which may explain their increased propensity to early afterdepolarization (EAD)-induced and delayed afterdepolarization (DAD)-induced arrhythmia. The authors use a detailed biophysical numerical model of murine cardiac cells to study the effects of distinct cytosolic calcium dynamics in Purkinje cells on their action potentials. The authors observed that cytosolic calcium diffusion waves in Purkinje cells were responsible for their peculiar action potential morphology, and altering the diffusion properties of these waves has a direct effect on the action potential duration. This numerical study is very important in understanding the link between distinct calcium homeostasis in cardiac Purkinje cells and their arrhythmogenic propensity in acquired and inherited channelopathies. 7 The article by Weinberg 8 is a computational study integrating electrical and calcium dynamics into a model of cardiac tissue to study the irregular rhythm known as alternans, a beatto-beat alternation in the action potential, and/or intracellular calcium transient. The alternation of the action potential and the calcium transient can be in-phase or out-of-phase, both within the same cell or throughout the tissue. Out-of-phase alternation at the cellular level, electromechanical discordance, and at the tissue level, spatial discordance, promotes arrhythmias. Weinberg shows that sarcoplasmic reticulum calcium uptake and release regulate the heart rates at which the alternans occur and further that there is a complex interaction between regimes for electromechanical and spatial discordance. The study also demonstrates the advantages of the discretetime coupled map modeling approach used to simulate coupled electrical and calcium signaling in a 1-dimensional cardiac tissue, for which more than 800 000 parameter combinations were tested.
Maleckar et al 9 address the emerging area which sheds light on the critical role of cardiac structures at the subcellular scale and explores how such structures affect the calcium transient in both the normal and the diseased heart. The proteins governing calcium-induced calcium release (CICR) are arranged in a complex spatial pattern with respect to the T-tubule in the cardiac cell. These proteins include the L-type calcium channels as well as ryanodine receptors (RyR) and the SERCA (sarco/ endoplasmic reticulum Ca 2+ -ATPase) pump, which are responsible for the release from and uptake of calcium back into the sarcoplasmic reticulum. Current imaging techniques are limited in their resolution, thus precluding a complete understanding of the intricate structural machinery of CICR. This review highlights the role of computational modeling in elucidating the functional implications of the intricate spatiotemporal dynamics of the various players in CICR in normal and pathophysiological conditions, such as heart failure (HF) and AF, and future directions are discussed.
The article by Edwards and Louch 10 reviews critical species-dependent similarities and differences in the mechanisms regulating ionic currents, repolarization, and cardiac arrhythmias. The authors highlight molecular and functional differences in depolarizing and repolarizing currents, mechanisms underlying EADs, spontaneous RyR calcium release, and tissue-level properties. Rather than typical approaches of describing differences in distinct potassium currents, the authors take a subtly different approach of distinguishing between rapidly and slowly developing potassium currents, which is valuable when considering the action potentials of mouse and rat 
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This Special Collection will gather all studies highlighting recent advances in theoretical and experimental studies of arrhythmia, with a specific focus on research seeking to elucidate links between calcium homeostasis in cardiac cells and organ-scale disruption of heart rhythm.
with distinctly longer action potentials observed in myocytes of larger mammals, including humans. The review highlights shortcomings in small rodent models to reproduce human ventricular electrophysiology in both healthy and disease states due to differences at the cellular level, in key ionic currents, and at the tissue level, due to size and regional differences. Edwards and Louch highlight the benefits of mathematical modeling as a valuable tool to bridge the translational gap between animal and human cardiac models.
Baumeister and Quinn 11 review mechanistic links, mediated by altered intracellular calcium handling, between acute ischemia and ventricular arrhythmias. The authors carefully organize their review of relevant literature by spatial scales in the heart, ranging from the subcellular (ie, individual ion channels, metabolic factors, and the cell's finely calibrated systems for handling the flow of calcium ions) and cell/tissue levels (eg, ischemia-induced changes in refractoriness and conduction velocity), all the way to the whole heart (ie, evolution of proarrhythmic triggers and substrate resulting from heterogeneous distribution of ischemic tissue). They also focus on recent salient literature in the area describing clever experimental techniques that can be used to carefully dissect the exact relationship between deranged calcium and the initiation of ectopic beats, such as the administration of localized catecholamine injections in Langendorff-perfused rabbit hearts. 12 Pandit and Workman 13 summarize the atrial electrophysiological remodeling occurring in the setting of ventricular HF. Heart failure increases the risk of AF, and the underlying causes remain poorly understood. In this review, cellular, ionic, and molecular mechanisms of atrial action potential and propagation changes are examined in different animal models of HF, in conjunction with relevant studies available from patients. The paper highlights salient points and gaps in knowledge that warrant further investigation, which may ultimately lead to better therapy for mitigating risk of AF in HF.
Karathanos et al 14 present a timely review of light-based approaches currently being used to unravel complex mechanisms of arrhythmia initiation, perpetuation, and termination and, perhaps in the not-too-distant future, to transform the way care is delivered to patients having debilitating heart rhythm disorders. Broadly speaking, the authors' focus is 2-fold: first, they consider cardiac applications of optogenetics, 15 an emerging technology in which light sensitivity is inscribed in excitable tissue via gene or cell therapy and illumination is used to modulate electrophysiological behavior. They discuss the most recent important advances, ranging from the use of optogenetics to conduct noncontact, high-throughput cardiac electrophysiology assays to the use of multiscale computational simulations to explore potential translational and/ or clinical applications such as light-based defibrillation. Second, they review recent developments in cardiac applications of photodynamic therapy, in which light-sensitized tissue is subjected to illumination to achieve highly targeted ablation. This technology has the potential to deliver a highly effective and cell-selective means of rendering excitable tissue nonconductive, which could be a very disruptive development in the field of clinical arrhythmia treatment.
Connolly and Bishop 16 provide a detailed and nuanced overview of the many different computational strategies used to represent infarcted myocardium in simulations of cardiac electrophysiology. Given the recent surge of interest in the use of simulations conducted in patient-specific models reconstructed from clinical imaging data to derive useful insights for arrhythmia treatment, such as custom-tailored ablation planning, this is a timely and highly relevant review. The authors discuss the mathematical formulations and experimental evidence in support of 2 broadly defined categories of infarct modeling: "necrotic," in which the infarct is represented by structurally intact but completely nonconductive tissue, and "passive," where electrotonic coupling between viable myocytes around the scar and myofibroblasts within the infarct gives rise to distinct behavior. They comprehensively describe how dynamics of wavefront propagation, including initiation of reentry, are affected by the different methods in terms of action potential duration and effective refractory period. They conclude that there is currently not enough definitive evidence to decide which approach should be treated as the "gold standard" in the modeling field, but they also helpfully explain how results from modeling can be used to steer the development of common-sense experiments that could shed important new light on this important scientific question.
The article by Berenfeld 17 examines the implications of electrical heterogeneity in the atria on the mechanisms of AF. Many experimental, computational, and clinical studies now suggest that rotors or spiral waves may play an important role in sustaining AF. 18 However, whether such rotors are stable, or drift, remains a matter of debate. The junction between the pulmonary vein (PV) region and the posterior left atrium (LA) is known to harbor sources (rotors) that drive paroxysmal AF, and ablation and electrical isolation of PV ostia stop the recurrence of this predominant arrhythmia. 19 Using a realistic tissue model of the PV-LA that incorporates the disparate ion channel densities between these regions, Berenfeld investigates and identifies the inward rectifier K+ channel, IK1, to be a key determinant of the rotor drift toward the region of lower excitability, ie, the PV. This finding may explain in part the key role played by the PV-LA region in maintaining sources that maintain paroxysmal AF.
In this issue, we have been able to include several important aspects of contemporary trajectories in the field of cardiac arrhythmia research, focusing in particular on calcium handling in various cardiac cell types and consequences of altered calcium dynamics in the context of heart rhythm disorders. Despite enduring research advances in this area, our understanding about the mechanistic relationship between cellular calcium (mis)handling and cardiac arrhythmia remains inadequate.
